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Electron heat transport in the low-collisonality ECH plasma is investigated to clarify the effect of 
neoclassical transport optimization on the thermal plasma transport in LHD. Five configurations are 
realized by shifting the magnetic axis position in major radius: 3.45m, 3.53m, 3.6m, 3.75m and 3.9m. A 
clear effective helical ripple (which is a quantitative measure of the neoclassical transport optimization) 
dependency on the enhancement factor of the global energy confinement relative to ISS95 is observed. 
Local heat transport analyses show a higher electron temperature and a lower heat transport in the 
neoclassical transport optimized configuration at half the minor radius. The comparisons of the 
experimental total heat fluxes with that of the neoclassical transport by DCOM/NNW suggests that the 
neoclassical transport plays a significant role in the heat transport and that the neoclassical transport 
optimization is effective in improving the plasma confinement in the low-collisionality LHD plasma.  
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1. Introduction 
   The shift of the magnetic axis alters the magnetic field configuration in flux coordinates in 
LHD. Inward Shift of the magnetic axis from Rax=3.75m (``standard'' configuration) to 
Rax=3.6m conforms to a ``σ-optimized'' field[1], where the neoclassical transport would be 
significantly improved relative to a standard heliotron configuration. A further inward shift of 
the magnetic axis increases the toroidal mirror term in addition to the two side band terms.  
   Recent numerical studies of neoclassical transport in the LHD configuration have shown 
an optimum configuration with respect to 1/? transport when the magnetic axis has a major 
radius of 3.53m[2]. In this case, the effective helical ripple is very small, remaining below 2% 
inside 4/5 of the plasma radius. Also, in this configuration, the deviation of trapped particle 
orbit from magnetic surfaces is very small and a good confinement of energetic particle is 
obtained[3]. The effect of neoclassical transport optimization on the energetic ion 
confinement has been shown experimentally in LHD[4].  
   The effective helical ripple for 1/ν transport, εeff, is evaluated by the relation between the 

















where vd(=κ/qR0B0) is the radial drift velocity and κ is the kinetic energy. Figure 1 shows the 
εeff at r/a=2/3 as a function of the axis position in a major radius. We can see a strong 
reduction of εeff by inward shift and the obtained value is about 1% at Rax=3.53m. A further 
inward shift of magnetic axis deteriorates an optimized configuration and the εeff increases 
again (Rax=3.45m). These facts indicate that an appropriate inward shift of the magnetic axis 
can optimize the LHD configuration to a level typical of so-called "advanced stellarators''. 
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Therefore it is an important issue for the LHD experiment to clarify the effect of 
configuration optimization on the plasma confinement in a helical system. 
   The configuration dependency on the plasma confinement in LHD has been investigated 
in the NBI heated plasma[5-7]. It is found that the global confinement is better in the inward 
shifted configuration (Rax=3.60m.) than that of the standard configuration (Rax=3.75m), and 
that the local heat and particle transport are dominated by the anomalous transport rather than 






-3 , in which the collision frequency is relatively high (roughly the plateau 
regime of the neoclassical transport). Therefore the neoclassical transport effect would be 
relatively small. If we consider the reactor relevant plasma we have to study less collisional 
regime, where the neoclassical transport would play an important role.  
   The transport analysis in the low-collisionality regime has been done in the ECH plasma 
of LHD[8]. In that experiment, however, a clear effect of the neoclassical transport 
optimization  has not been observed due to the limited number of plasma discharges and 
magnetic configurations. The available magnetic configuration was limited by the ECH 
resonance condition because the full magnetic field, B~3T, was used.   
   In this paper the electron heat transport in the low-collisonality plasma (the 
long-mean-free-path regime; 1/ν regime) is analyzed to clarify the effect of configuration 
optimization on the thermal plasma transport in the LHD. We set the magnetic field strength 
to 1.5T at the magnetic axis and a wide range of magnetic configurations can be investigated. 
Five typical configurations of LHD are considered; i.e. Rax=3.45m, 3.53m, 3.6m, 3.75m and 
3.9m. The ECH heat deposition profiles are distributed inside of r/a =0.3 in these 
configurations, and, thus, the total heat flux should be equal to the ECH heating power at the 
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outside of the deposition region, r/a>0.3 because we apply only ECH as a heat source in this 
experiment.  
   The neoclassical transport is analyzed applying a neural network database of neoclassical 
transport in LHD by DCOM/NNW[9, 10]. The role of the neoclassical transport is 
investigated comparing the experimental heat fluxes with that by the neoclassical transport.  
   In section 2 we show the experimental results about configuration dependencies of the 
global energy confinement and the local transport in the low-collisionality LHD plasma. The 
comparisons of the heat flux with the values estimated by the neoclassical transport 
predictions are shown in section 3. The conclusions are in section 4.  
 
 
2. Optimization effect on heat transport in LHD 
   The electron heat transport in the low-collisonality plasma is investigated in the ECH 
plasma of LHD. We considered five typical configurations; Rax=3.45m, 3.53m, 3.6m, 3.75m 
and 3.9m. The shift of the magnetic axis alters the magnetic field configuration in flux 
coordinates, B = B
m,n
m,n
! (" )cos(m# $ n% )where Bm,n  represents the Fourier components of 
the magnetic field with the poloidal mode number, m, and the toroidal mode number, n, in 
Boozer coordinates. In the Rax=3.75m case there are two dominant components, the main 
helical curvature term, B2,10 and the toroidal curvature term, B1,0, Shifting the magnetic axis 
inwards to Rax =3.6m, two side bands of the main helical curvature term, B1,10  and B3,10 
increase and their amplitudes become comparable to that of B1,0 . A further inward shift of the 
magnetic axis increases the toroidal mirror term, B0,10, in addition to the two side band terms 
for the Rax=3.53m case and, then, the optimum magnetic shift position for the neoclassical 
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transport is obatined.  
   If the neoclassical transport plays a role on the plasma confinement a highest confinement 
is expected in the Rax=3.53m configuration. In order to study the configuration dependency of 
the electron heat transport the magnetic field strength, B~1.5T, is used so that we can operate 
the experiment in these five configurations. We set the magnetic field strength satisfying the 
ECH resonance condition at the magnetic axis and the ECH (f~84GHz, P~880kw) heat 
deposition profiles are distributed inside of r/a =0.3 in these configurations. We use only ECH 
as a heating source of plasma and, thus, the experimental total heat flux should be equal to the 
ECH heating power outside of the deposition region, r/a>0.3.  
   Figure 2 shows a typical time development of the ECH discharge in the LHD (Rax=3.60m). 
We started up the plasma with ECH heating and, then, the line averaged density by FIR 
measurement increased to 1.25 !1019m-3 . Then a quasi-steady state was obtained about 0.4s 
after the plasma start up. The obtained stored energy became about 100kJ in this discharge.  
   We, first, study the effect of neoclassical transport optimization on the global energy 
confinement in the low-collisionality LHD plasma. Figure 3 shows the enhancement factor of 
the global energy confinement time relative to the ISS95 scaling law[11] as a function of the 
averaged line density. We can see a clear configuration dependency on the enhancement 
factors. The highest enhancement factor is obtained in the Rax=3.53m configuration and the 
lowest is in the Rax=3.9m configuration. Comparing the effective helical ripple in Fig. 1 we 
can find that the enhancement factor shows an inverse dependence on the effective helical 
ripple. This result indicates that the global energy confinement is improved by the 
neoclassical transport optimization in the low-collisionality LHD plasma. It is also found that 
the enhancement factor deteriorates as the density decreases below 1.0 !1019m-3  in all 
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configurations. 
   Next we study the local heat transport in the four configurations; Rax=3.53m, 3.6m, 3.75m 
and 3.9m. We plot the electron temperature at r/a=0.5 as a function of the line averaged 
density in Fig. 4; a) Rax=3.53m, b) Rax=3.6m, c) Rax=3.75m and d) Rax=3.9m. The electron 
temperature profiles are measured by ECE and Thomson scattering measurements and both 
results show relatively good agreements. The ECE measurement results are used in this 
analysis due to the high time resolution of ECE. The density profiles are measured by FIR and 
almost flat density profiles are observed in this experiment, which is a typical one of the ECH 
plasma in LHD. 
   It is found that a highest electron temperature is obtained in the Rax=3.53m configuration 
and that a lowest one is in the Rax=3.9m configuration. This is consistent with the tendency of 
the global energy confinement shown previously. Interestingly the electron temperature 
increases rapidly compared with 1/n when the density decreases to less than 0.5 !1019m-3  in 
the Rax=3.75m and 3.90m configurations. This suggests the change of the electron temperature 
dependence of the heat transport in the lower density region in these configurations. 
   In order to study the heat transport coefficient we simply evaluate the effective heat 
transport coefficient, χeff, defined by  




where PECH and V(r) are the total ECH heating power and the volume at minor radius r, 
respectively. The more detail analysis of heat transport needs the ion temperature profile but 
we did not have an ion temperature profile measurement in this experiment. Only a central ion 
temperature is measured by Ar spectrum measurement.  
     Figure 5 shows the effective heat transport coefficient at r/a=0.5 as a function of the 
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/ s , even for the low electron temperature in the Rax=3.9m configuration. A lower 
χeff value is obtained in the Rax=3.53m configuration than that in the Rax=3.6m configuration. 
We can also see that the temperature derivative of χeff gradually increases as the electron 
temperature increases except the Rax=3.9m configuration, where the gradient is almost 
constant and no gradual change of the χeff gradient is observed.  
    Next we see the local heat transport near the edge region (r/a~0.75). Figure 6 shows the 
electron temperature as a function of the line averaged density, a) Rax=3.53m, b) Rax=3.6m, c) 
Rax=3.75m and d) Rax=3.9m. The minor radius is at r/a=0.75 except the Rax=3.90m 
configuration where no ECE line exists out side of r/a=0.65. We can find that the electron 
temperature values are similar for the Rax =3.53m and 3.6m configurations and that the values 
are lower in the Rax =3.75 and 3.90m configurations. The rapid increase of the electron 
temperature with decreasing density can be seen only in the Rax =3.9m configuration at this 
minor radius. The density profiles are almost flat and density gradient is small compared with 
that of the electron temperature. 
   The effective heat transport coefficients are evaluated using the local density and 
temperature gradient by Eq. (1). Figure 7 shows the temperature dependency of the χeff at 
r/a=0.75 (r/a=0.65 for the Rax=3.9m configuration). We can see no clear difference between 
the values in the Rax=3.53m and 3.60m configurations around 3m2/s. The values are higher in 
the Rax=3.75m and 3.90m configurations and ,also, the temperature dependencies are larger in 
these two configurations. 
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3. Neoclassical Transport Analysis 
   The role of neoclassical transport in the low-collisionality ECH plasma is investigated 
using the neoclassical transport database for LHD by DCOM/NNW. In order to construct the 
neoclassical transport database we evaluate a mono-energetic local transport coefficient using 
DCOM (Diffusion COefficien calculator by Monte-Carlo method), in which test particle 
orbits are followed solving the equations of motion in Boozer coordinates and the transport 
coefficient is evaluated statistically from the mean square displacement of the particles. The 
DCOM results have been benchmarked with the other neoclassical transport analysis 
codes[12]. 
   The DCOM results are collected for a wide range of collisionality, radial electric field, 
minor radius, and magnetic field configurations. The transport coefficient can then be 









































where Dk is the mono-energetic diffusion coefficient, k = e, i (for electrons or ions) and j = 1, 
2, 3. A fitting method assuming the common analytical relations depending on each 
collisionality regimes with their matching condition, has been used. However, this technique 
can not accurately describe the over lapping of the separate collisionality regimes. We apply 
the neural network method to interpolate the data points and construct a neural network 
database of the neoclassical transport coefficients for LHD. A relatively good fitting quality is 
obtained by the neural network method[10].  
   We analyze the neoclassical transport using the DCOM/NNW to show the role of 
neoclassical transport. In this experiment there is no measurement of the ion temperature 
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profile, Ti(r), and the radial electric field, Er. So, as a first step, we evaluated the neoclassical 
transport coefficient assuming Ti(r)=Te(r)/2, because the central ion temperature 
measurement by Ar spectrum indicates roughly Ti(0)~Te(0)/2. We also assume the ambipolar 
condition for electron and ion particle flux to determine Er values. In this analysis the total 
heat flux is used to compare the experimental results with the neoclassical theory predictions, 
since the ion and electron heat transport coefficients depends on the ion temperature, which 
was not measured. The neoclassical heat flux is evaluated using the diffusion coefficients by 
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   Figure 8 shows the total radial heat flux at r/a=0.5 as a function of the electron 
temperature; a) Rax=3.53m, b) Rax=3.6m, c) Rax=3.75m and d) Rax=3.9m. The experimental 
total heat flux is equal to the ECH heating power, 0.88MW. Closed circles show the heat flux 
of the ion-root and closed squares are the heat flux of the electron-root. The ion neoclassical 
heat fluxes are about half of the electron ones.  
   In helical systems the ambipolar condition normally has one root (ion root) or three roots 
(ion root, electron root and unstable root). When the electron root is realized, the large 
positive radial electric field reduces the transport coefficients of both ions and electrons and 
the neoclassical confinement is significantly improved.   
   We can see the electron root solutions in the Rax=3.6m, 3.75m and 3.9m configurations 
when the electron temperature increases. In these configurations the temperature 
dependencies of total heat flux in the ion root are larger than that of the Rax=3.53m 
configuration. The increase of the neoclassical transport coefficient by 1/ν helical ripple 
transport appears less collisional region and the lower temperature dependence would be 
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observed in the optimized configuration. After the strong increase of the heat flux the solution 
bifurcates to two solutions in the less optimized configurations. In Fig. 4 we found the 





-3  and those increases of temperature would be related to 
the bifurcation from the ion root to the electron root.  
   In all configurations the neoclassical heat fluxes become more than half of the 
experimental values at the highest temperatures. Especially in the less optimized 
configurations, the total heat flux is comparable to the experimental values if we assume the 
ion root. This indicates that the neoclassical transport would play a significant role to 
determine the achievable temperature because of the strong temperature dependency of the 
neoclassical heat transport coefficient, !eff "Te7 /2 , for the ion root. Consequently, it is found 
that the neoclassical transport plays a significant role in the heat transport in the low density 
region.  
   We, next, evaluate the total radial heat fluxes near the edge region (r/a~0.75). Figure 9 
shows the total radial heat flux at r/a=0.75 (0.65 in the Rax=3.9m configuration) as a function 
of the electron temperature. The experimental total heat flux is again ECH heating power, 
0.88MW. It is found that the estimated values by the neoclassical transport are smaller than 
the experimental values of the non-optimized configurations (Rax= 3.75m and 3.9m) and that 
no electron root solution can be seen. This indicates that the anomalous transport dominates 
the heat transport at the edge region in the neoclassical transport optimized configuration. 
 
4. Conclusion 






-3 ) changing magnetic configurations  (Rax=3.45m, 3.53m and 3.6m, 3.75m, 
  12 
3.9m) in LHD. The neoclassical transport analysis shows that the neoclassical transport 
strongly depends on the magnetic axis position and that we obtain a neoclassical transport 
optimized configuration with the magnetic axis position, Rax=3.53m.  
   The effect of neoclassical transport optimization on the global energy confinement has 
been studied. We have found that a clear configuration dependency of the global energy 
confinement enhancement factors to ISS95 scaling law and that a higher enhancement factor 
has been observed in the neoclassical transport optimized configuration than in the other less 
optimized ones. The enhancement factor shows an inverse dependence on the effective helical 
ripple. This tendency is consistent with the recent global confinement study in stellarators[13], 
where the effective helical ripple dependency of the global confinement time has been shown 
including the experimental results by several helical devices. 
   The local heat transport analysis has shown that a higher electron temperature and a lower 
heat transport coefficient have been observed in the neoclassical transport optimized 
configuration (Rax=3.53m) at half of minor radius, while no clear difference can be seen in the 
electron temperature and the heat transport coefficient near the edge region.  
   The comparisons of heat transport with the neoclassical transport estimated by 
DCOM/NNW have shown that the neoclassical transport plays a significant role in the heat 
transport and that the neoclassical transport optimization is effective in improving the plasma 
confinement in the low-collisionality LHD plasma.  
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Fig. 1  Effective helical ripple at r/a=2/3 as a function of magnetic axis position in major 
radius in LHD evaluated by DCOM. 
 
Fig. 2  Typical time development of the ECH plasma discharge in LHD (Rax=3.65m); ECH 
heating power (top), line averaged density (center) and stored energy (bottom).  
 
Fig. 3  Enhancement factor of the global energy confinement time relative to the ISS95 
scaling law as a function of the line averaged density for five configurations of LHD.  
  
Fig. 4  Plots of the electron temperature at r/a =0.5 as a function of the line averaged density 
for four LHD configurations; a) Rax=3.53m, b) Rax=3.60m, c) Rax=3.75m, d) 
Rax=3.90m. 
 
Fig. 5  Plots of the effective heat transport coefficient at r/a =0.5 as a function of the electron 
temperature for four LHD configurations; a) Rax=3.53m, b) Rax=3.60m, c) Rax=3.75m, 
d) Rax=3.90m. 
 
Fig. 6  Plots of the electron temperature at r/a =0.75 (0.65 for the Rax=3.90m configuration) 
as a function of the line averaged density for four LHD configurations; a) Rax=3.53m, 
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b) Rax=3.60m, c) Rax=3.75m, d) Rax=3.90m. 
 
Fig. 7  Plots of the effective heat transport coefficient at r/a =0.75 (0.65 for the Rax=3.90m 
configuration) as a function of the electron temperature for four LHD configurations; 
a) Rax=3.53m, b) Rax=3.60m, c) Rax=3.75m, d) Rax=3.90m. 
 
Fig. 8  Plots of the total heat flux of neoclassical transport evaluated by DCOM at r/a =0.5 
as a function of the electron temperature for four LHD configurations; a) Rax=3.53m, 
b) Rax=3.60m, c) Rax=3.75m, d) Rax=3.90m. 
 
Fig. 9  Plots of the total heat flux of neoclassical transport evaluated by DCOM at r/a =0.75 
(0.65 for the Rax=3.90m configuration) as a function of the electron temperature for 
four LHD configurations; a) Rax=3.53m, b) Rax=3.60m, c) Rax=3.75m, d) Rax=3.90m 









